Background and Aims Exposure to low temperatures (LT) produces innumerable changes in morphological, biochemical and physiological characteristics of plants, with the result that it has been difficult to separate cause and effect adjustments to LT. Phenotypic studies have shown that the LT-induced protective mechanisms in cereals are developmentally regulated and involve an acclimation process that can be stopped, reversed and restarted. The present study was initiated to separate the developmental factors determining duration from those responsible for rate of acclimation, to provide the opportunity for a more in depth analysis of the critical mechanisms that regulate LT tolerance in wheat (Triticum aestivum).
I N T R O D U C T I O N
Low-temperature (LT) tolerance is a complex quantitative character that is expressed following exposure of plants to temperatures that approach freezing. The biochemical, physiological and morphological changes associated with LT tolerance clearly affect active growth and development and, as a result, a plant must be programmed to recognize and respond to temperatures that are favourable for growth and to the environmental cues that signal seasonal changes. In wheat and its relatives, LT acclimation is normally described as a cumulative process that is initiated below approx. 10 C (Fowler et al., 1999) . There is an inverse relationship between temperature and acclimation rate and, when plants are grown at constant temperatures in the acclimation range, the most rapid changes in LT tolerance occur during the initial stages of acclimation. Exposure of hardened plants to higher temperatures results in rapid de-acclimation, but the process of LT acclimation can be re-initiated by exposing plants that are still in the vegetative stage to inducing temperatures. However, winter cereal plants gradually lose their ability to tolerate below-freezing temperatures when they are maintained for long periods of time (i.e. over winter) at temperatures that normally promote LT acclimation.
Time sequence studies have shown that LT-induced gene expression is developmentally regulated (Fowler et al., 1996a) and that the decline in LT response during winter is due to an inability of cereals to maintain a high level of LT-tolerance gene expression once vernalization (Fowler et al., 1996b) and photoperiod (Mahfoozi et al., 2000 (Mahfoozi et al., , 2001b Fowler et al., 2001 ) requirements have been satisfied. It has been demonstrated that the expression of wheat genes with sequence homology to members of the AP1 branch of plant MADS-box meristem identity genes is regulated by both photoperiod and cumulative low temperatures, and that the accumulation of their encoded products is associated with the progressive repression of cold-induced genes and a decrease in LT tolerance (Danyluk et al., 2003) . It has also been shown that the photoperiod and vernalization genes influence the expression of LT-induced genes in cereals through separate pathways that eventually converge to activate genes controlling plant development (Fowler et al., 2001) . In both instances, delay in the transition from the vegetative to the reproductive stage causes increases in LT tolerance that are sustained for longer in plants that have a vernalization or photoperiod requirement. This indicates that the developmental genes determine the duration of expression of LT-induced structural genes. In winterhabit genotypes, photoperiod sensitivity influences LTtolerance gene expression even before vernalization saturation (Mahfoozi et al., 2001b) , implying that vernalization is progressive and that plant development can be influenced by photoperiod during the vernalization process.
These observations confirm that the factors responsible for LT tolerance affect active growth, and that the linkage of LT-tolerance expression to phenological development is adaptive for the environment for which the genotype was selected or in which it evolved. For example, plants germinating in the spring do not have a requirement for a high level of LT tolerance, as they complete their life cycle during the summer and early autumn; a high level of LT tolerance is no longer required in over-wintering cereals after the onset of warm conditions in the spring when rapid growth and reproduction begin. In fact, for species adapted to regions with long, mild winters, a high level of freezing tolerance may be less important than a photoperiod, dormancy or vernalization requirement that prevents the plants from entering the extremely cold-sensitive reproductive growth stage until the risk of LT damage has passed.
A long-term research challenge has been to isolate the different variables involved in the expression of plant LT tolerance so that the critical responses to the environment can be identified and exploited in crop improvement programmes. A basic understanding of the LT responses in cereals has allowed the construction of a field-validated LT-tolerance simulation model (Fowler et al., 1999) , where the developmental genes (for vernalization, photoperiod, etc.) are assumed to be responsible for the duration of expression of LT-induced structural genes (Fowler et al., 1996b; Mahfoozi et al., 2000) , whereas the rate of acquisition of LT tolerance is determined by genotypic differences in cold-hardiness potential. Vernalization requirements prevent the plant from initiating reproductive development during periods that are favourable for growth and development in the autumn and early winter (Fowler et al., 1996a, b) , and photoperiod sensitivity allows plants to maintain a high level of LT-gene expression for longer under short day, compared with long day, environments (Mahfoozi et al., 2000) . In each case, delay in the transition from the vegetative to the reproductive phase results in increased LT tolerance that is sustained for longer than in plants that do not have a vernalization or photoperiod requirement. The fact that only two types of variable are required to simulate plant LT response in the model suggests that the genetic basis for this environmentally induced character is quite simple. However, dependence upon a highly integrated system of structural, regulatory and developmental genes that allow full expression of LT-induced genes only when they are required in the life cycle has meant that the genetic control of this character has been difficult to explain.
Reports from phenotypic studies suggest that genes on as many as 15 out of 21 chromosomes affect LT tolerance in wheat (Stushnoff et al., 1984; Sutka, 1994) . Although quantitative genetic studies indicate that LT tolerance is primarily under additive multigenic control, major effects associated with the Vrn-A1 region on chromosome 5A have proved to be an important exception to this rule; at least one gene on chromosome 5A of wheat has a dominant effect for LT tolerance that is normally expressed in association with the recessive vrn-A1 allele for winter growth habit (Brule-Babel and Fowler, 1988; Sutka and Snape, 1989) . Also, in spite of the apparent abundance of genetic variation for this character, molecular mapping studies indicate that only the homoeoallelic series of genes associated with winter/spring-growth habit on the group 5 chromosomes has a major influence on LT tolerance (Toth et al., 2003) . A set of reciprocal near-isogenic lines, in which Vrn-A1 alleles have been inserted into cold tender and hardy genetic backgrounds has allowed quantification of the effects of the Vrn-A1 region on LT acclimation in two genetic backgrounds that represent extremes in LT tolerance (Limin and Fowler, 2002) . This paper reports the results of a detailed study that was designed to separate out the factors determining duration and rate of LT acclimation, thereby providing the opportunity for a more in-depth analysis of the critical variables that determine LT tolerance in wheat.
M A T E R I A L S A N D M E T H O DS

Reciprocal near-isogenic lines
Reciprocal near-isogenic lines (NILs) of Triticum aestivum L. were produced for this experiment using the non-hardy spring-habit (Vrn-A1) cultivar 'Manitou' and the very coldhardy winter-habit (vrn-A1) cultivar 'Norstar' to determine the effect of spring/winter-habit-determining alleles in each genetic background. Vrn1 genes on homoeologous chromosomes have previously (Brule-Babel and Fowler, 1988) been shown to be recessive in 'Norstar', making Vrn-A1 allelic differences responsible for determination of growth habit in these parents. The parent cultivars were crossed to produce an initial hybrid that was then backcrossed to each parent. In subsequent generations, each cultivar was crossed to the BCF 1 of the previous generation based on selection for heterozygosity (Vrn1/vrn1) at the Vrn-A1 locus. When 'Norstar' was the recurrent parent, heterozygosity at the Vrn-A1 locus was based on the spring habit, which would be Vrn1/vrn1, due to the dominance of the springhabit allele, whereas all other progeny would be of winter habit. When 'Manitou' was the recurrent parent, heterozygosity (Vrn1/vrn1) at the Vrn-A1 locus was based on the heterozygotes' flowering time, which was several weeks later than that of the homozygous (Vrn1/Vrn1) spring habit. This phenotype-based selection ensured that the donor parent allele was incorporated into the genetic background of the recurrent parent (Limin and Fowler, 2002) . Ten backcrosses were made to each recurrent parent, heterozygous plants of each reciprocal line were self-pollinated and the progeny grown out. Homozygous winter-and spring-growth-habit plants were selected from the selfed progeny of each reciprocal line.
This procedure resulted in reciprocal NILs in which, theoretically, 99Á95 % of the recurrent parent DNA is recovered. These reciprocal NILs, based on the Vrn-A1 locus, produced, in essence, a winter-habit type of non-hardy 'Manitou' ('Manitou' with the vrn-A1 allele of 'Norstar' = winter 'Manitou') and a spring-habit type of the hardy winter 'Norstar' ('Norstar' with Vrn-A1 from 'Manitou' = spring 'Norstar'). The non-hardy spring-habit 'Manitou', the very cold-hardy winter-habit 'Norstar', and the two reciprocal NILs that differed in vernalization requirement were used in these studies.
Experimental design and data analyses
The experimental design for these studies was a 4 (genotypes) · 16 (acclimation periods) · 3 (acclimation temperatures) factorial in a two replicate randomized complete block design. The parental cultivars, 'Norstar' and 'Manitou', and the NILs, spring 'Norstar' and winter 'Manitou', were evaluated over 16 acclimation periods (0, 2, 7, 14, 21, 28, 35, 42, 49, 56, 63, 70, 77, 84, 91 and 98 d) and at three acclimation temperatures (2, 6 and 10 C). Analyses of variance were conducted to determine the level of significance of differences due to genotype, acclimation period and acclimation temperature and their interactions. Where significant differences were identified, regression analyses of treatment means were used to plot curves that gave the best description of the shape and behaviour of the responses. A sigmoid four-parameter equation was employed to describe the relationship between final leaf number (FLN) and days of acclimation at 2, 6 and 10 C:
The peak four parameter Weibull equation was used to describe the relationship between LT 50 and days of acclimation at 2, 6 and 10 C:
Non-linear regression procedures outlined by SigmaPlot (2000) were used to provide least squares estimates of the regression coefficients in these equations.
LT 50 and vernalization determination
Imbibed seeds for double-ridge analyses and LT 50 studies were held in the dark for 2 d at 4 C and then transferred to an incubator and held for 1 d at 22
C. Actively germinating seeds were transferred, embryo down, to Plexiglass trays with holes backed by a 1Á6-mm mesh screen (Fowler et al., 1983) and returned to germinating conditions for 2 d (until their roots were 1-2 cm long). These seedlings were grown for 10 d in hydroponic tanks filled with continuously aerated one-half strength modified Hoagland's solution (BruleBabel and Fowler, 1988) at 20 C in 16-h days at 320 mmol m À2 s À1 PPFD, by which time they had three or four fully expanded leaves and visible crowns. They were then transferred to 2, 6 and 10 C chambers under a 16-h photoperiod and 220 mmol m À2 s À1 PPFD and sampled at regular intervals.
The procedure outlined by Limin and Fowler (1988) was used to determine the LT 50 (temperature at which 50 % of the plants are killed by LT stress) of each genotype at the end of each LT acclimation period. Crowns were covered in moist sand in aluminium weighing cans and placed in a programmable freezer that was held at À3
C for 12 h. After 12 h they were cooled at a rate of 2 C h À1 down to À17 C, then cooled at a rate of 8 C h À1 . Five crowns were removed from the freezer at 2 C intervals for each of five test temperatures selected for each genotype in each treatment. Samples were then thawed overnight at 4 C. Thawed crowns were transplanted into 52 · 26 · 6 cm black plastic trays (Kord Products, Bramalea, ON, Canada) containing 'Redi-earth' (W. R. Grace and Co. of Canada Ltd, Ajax, ON, Canada) for re-growth. The boxes were placed in a growth room maintained at 20
C with a 20-h day and 4-h night. Plant recovery was rated (alive vs. dead) after 3 weeks, and LT 50 was calculated for each sample. LT 50 values were determined for the four genotypes for the 16 acclimation periods at 2, 6 and 10 C. Two sets of phenological observations were made to determine (1) double-ridge formation and (2) FLN. For the 'double-ridge' method (Kirby and Appleyard, 1987) , the stage of shoot apex development was determined on crown samples of plants grown under the conditions for LT acclimation described above. A minimum of two plants from each of the four genotypes was sampled for dissection at each of the 16 acclimation periods at 2, 6 and 10 C and mean number of days to double-ridge formation was recorded to establish the influence of LT growth on rate of phenological development. Although double-ridge formation is not a true index of the start of reproductive development, it is the first visible indication that the signal to initiate reproductive development has been received. As such, it provides a useful method for comparing the phase of phenological development of genotypes with large differences in vegetative/reproductive transition. Time to vernalization saturation was estimated using the FLN procedure described by Wang et al. (1995) . Germinated seeds for FLN measurements were grown at 20 C in 16-h photoperiod for 13 d in pots (two plants per pot), exposed to 2, 6 or 10 C as outlined in the acclimation regime above, and then transferred weekly to 20 C chambers under conditions favouring floral induction (20 C, 16-h photoperiod). The tops of the pots were wrapped in aluminium foil to minimize radiant heat absorption from the lights, and the plants were uniformly fertilized with 'Osmocote' (Chisso-Asahi Fertilizer Co., Tokyo, Japan) sustained-release fertilizer and a nutrient-complete ('Tune-up' TM, Plant Products Ltd, Brampton, ON, Canada) water-soluble solution as required. Leaves were numbered and the plants were grown until the flag leaf emerged and the FLN on the main shoot could be determined. Saturation of the vernalization requirement was considered complete for each genotype once the cold treatment no longer reduced its FLN. Stage of apical development was also determined for each set of plants grown at 20 C for 10 d after they had been removed from vernalization at 2, 6 or 10 C and the mean number of days to double-ridge formation was recorded.
R E S U L T S A N D D I S C U S S I ON
Phenological development
Analysis of variance for FLN showed that the effects of genotype, acclimation period and the genotype · acclimation period interaction were highly significant (P < 0Á001). The effect of acclimation temperature on FLN was not significant (P > 0Á05) but the genotype · acclimation temperature and genotype · acclimation period · acclimation temperature interactions were all highly significant (P < 0Á001). Analyses of the FLN response curves revealed that differences in the responses of the spring-and winter-habit genotypes were mainly responsible for these important interactions (Fig. 1) .
Once the vernalization requirement has been satisfied, the plant can enter the reproductive phase rapidly under conditions favouring floral induction (Hay and Kirby, 1991; Mahfoozi et al., 2001a) . Thus vernalization can be considered complete when an additional cold treatment fails to cause a further reduction in FLN (Wang et al., 1995; Brooking and Jamieson, 2002) and the achievement of vernalization saturation can be established by determining when the lowest FLN is reached. As reported by Limin and Fowler (2002) , replacing the vrn-A1 region of 'Norstar' with the Vrn-A1 region from 'Manitou' created a spring-habit 'Norstar' (spring 'Norstar') without a vernalization response, in contrast to the strong vernalization requirement in the 'Norstar' parent (Fig. 1) . As expected, 'Manitou' and the spring 'Norstar' lines reached their lowest leaf number without being exposed to acclimating temperatures, indicating that they do not have a vernalization requirement. However, spring 'Norstar' (Vrn-A1) produced 10Á3 leaves compared with 8Á0 leaves for 'Manitou' (Fig. 1) indicating that the 'Norstar' genetic background had a significant (P < 0Á001) influence on FLN that was independent of the vernalization response.
Replacing the Vrn-A1 region of 'Manitou' with the vrn-A1 region from 'Norstar' converted 'Manitou' into a vernalization-responsive winter-habit type (winter 'Manitou'). In earlier studies, Limin and Fowler (2002) reported that the mean leaf number at vernalization saturation was reduced from 22Á5 to 13Á1 for 'Norstar' and 15Á4 to 9Á9 for winter 'Manitou' grown at 20 C and 4 C, respectively. The winter 'Manitou' reached its lowest leaf number after approx. 35 d of vernalization, whereas 'Norstar' required an extra week at 4 C. Although both genotypes have the 'Norstar' vrn-A1 alleles, 'Norstar' produced 3Á2 more leaves than winter 'Manitou'. Similar responses were observed for both 'Norstar' and winter 'Manitou' when vernalized at 6 C in the present study; however, the minimum FLNs were greater for both winter-habit genotypes at 10 C than at 6 C, and these, in turn, were greater than at 2 C ( Fig. 1 ; y 0 in Table 1 ). The mean leaf number of 'Norstar' was reduced from 22Á0 to 15Á1 at 10 C, 12Á7 at 6 C and 10Á9 at 2 C. Similar effects of temperature were observed for winter 'Manitou' where the mean leaf number was reduced from 15Á8 to 10Á5 at 10 C, 9Á5 at 6 C and 8Á7 at 2 C. The FLN for the winter genotypes increased as vernalization temperature increased; however, the actual days to vernalization saturation, as measured by time to FLN, remained relatively unchanged (Fig. 1) , although days to double-ridge formation after removal to 20 C suggested that there may have been more rapid phenological development when plants were vernalized at 6 C ( Table 2 ). FLN measurements indicated that winter 'Manitou' did not reach vernalization saturation until approx. 42 d, whereas 'Norstar' was approx. 1 week later when grown at 2, 6 and 10 C (Fig. 1) . In contrast, dissection of shoot apices revealed that double-ridge formation was delayed when both spring and winter genotypes were held at constant vernalization temperatures of 10 C or less, even after vernalization saturation was complete in the winter-habit plants (Table 2 ). This indicates that low temperatures extended the vegetative phase and delayed transition to the reproductive phase, even though both the spring and winter-habit plants were fully capable of reproductive transition when transferred to 20 C (floral induction conditions). These observations are in agreement with earlier observations that both temperature and photoperiod affect the fate of shoot primordia after they have received the signal to switch from the vegetative to the reproductive phase but have not committed to the doubleridge stage (Gott et al., 1955; Hempel et al., 1998; Mahfoozi et al., 2001b) .
Vernalization requirement is the key difference between spring and winter-habit genotypes in cereals, and the phenotypic expression of this character has been studied in detail (McIntosh et al., 1998) . As indicated earlier, the vrn-A1 of 'Norstar' is recessive to the Vrn-A1 of 'Manitou' making Vrn-A1 allelic differences responsible for the determination of growth habit in these genotypes (Brule-Babel and Fowler, 1988) . The inability to recover completely what is supposedly a single growth-habit gene in the backcross programme, that produced the NILs in the present study, raises a number of questions with regard to the complexity of interactions among genes in the flowering pathway. There are at least 80 genes and loci and a number of genetic pathways known to affect flowering time in the model plant Arabidopsis thaliana (Simpson et al., 1999; Simpson and Dean, 2002; Ratcliffe et al., 2003) and it should not be unexpected to find as complex a regulatory system in wheat. Using the Arabidopsis model as a basis for discussion, it can be seen that a comparable picture is unfolding in wheat . Multiple copies of an autonomous flower-promoting pathway gene that is orthologous (diverging after a speciation event) to those found in arabidopsis are located in the Vrn1 regions of the wheat genome . This type of genetic redundancy is not uncommon and it is thought to provide raw material for evolution (Haake et al., 2002; Martinez-Castilla and Alvarez-Buylla, 2003) . Clusters of autonomous flower-promoting pathway orthologues that are tightly linked to the major growth-habit gene, Vrn-A1, would be expected to segregate as a group in spring · winter crosses suggesting the existence of a single gene that is dominant for spring habit when a broad classification of spring and winter habit is used. However, close examination of early-generation spring and winter populations has revealed a wide range of variation in the vegetative/reproductive transition that can be explained by different degrees of erosion (break-up of tight linkage blocks due to recombination) of the autonomous pathway linkage blocks . A gradual erosion, or addition of tightly linked autonomous flowering pathway alleles, which promote or delay the vegetative/reproductive transition, provides one possible explanation for the inability to recover fully the spring or winter phenotypes of the Vrn-A1 locus (spring 'Norstar' vs. 'Manitou', winter 'Manitou' vs. 'Norstar') in the backcross programme that produced the NILs in the present study (Fig. 1) .
LT tolerance
A rapid initial rate of LT acclimation, which gradually slowed and was followed by a loss in LT tolerance after the vegetative/reproductive transition, resulted in the typical curvilinear relationship between LT 50 and days of acclimation (Fowler et al., 1996b) when temperatures were held constant at 2, 6 and 10 C (Fig. 2) . Analysis of variance for LT 50 showed that genotype, acclimation period, acclimation temperature and all interactions had highly significant effects (P < 0Á001), indicating that there were important genotypic differences in both the magnitude and pattern of LT 50 response to temperature. These results were not unexpected because the genotypes and the range of acclimating temperatures were selected to maximize differences. The mean difference in minimum LT 50 between 'Manitou' and 'Norstar' was 13Á8 C for the three acclimation temperatures considered in this study (a in Table 3 ). This wide range in LT tolerance, and use of NILs for the Vrn-A1 region of a hardy winter and tender spring-habit wheat, allowed separation of the effects of the genetic factors responsible for the differences in duration and rate of acclimation. The effect of an extended vegetative period due to a vernalization requirement was clearly evident in the longer time to lowest LT 50 in the winter-habit genotypes compared with their spring NILs (Fig. 2) . Insertion of the 'Norstar' vrn-A1 region into 'Manitou' produced a winter 'Manitou' that reached lowest LT 50 after 36-40 d compared with from 41 to 45 d for 'Norstar' (Fig. 2 and Table 3 ). A longer vegetative period, during which the LT-tolerance genes were expressed at a high level due to a vernalization requirement, provided an explanation for the improved LT tolerance of winter 'Manitou' compared with 'Manitou' at all acclimating temperatures.
The more rapid rate of acclimation associated with genetic backgrounds such as 'Norstar' compared with winter 'Manitou' (Fig. 2) provided an explanation for the differences observed in the cold hardiness potential of genotypes with a vernalization requirement. The genetic advantage provided by the 'Norstar' background was also clearly evident in the increased initial (0-14 d) rate of acclimation in spring 'Norstar' compared with 'Manitou', especially when acclimated at 6 C and 10 C (Fig. 2 ). An analysis of variance using only the 0-14 day, 6 and 10 C data revealed that differences in LT 50 due to growth habit ('Manitou' and spring 'Norstar' vs. 'Norstar' and winter 'Manitou') were not significant (P > 0Á05) during this period, whereas the 'Norstar' background ('Norstar' and spring 'Norstar') provided a significant (P < 0Á01) advantage over that of 'Manitou' ('Manitou' and winter 'Manitou'). However, the ability of genotypes with a 'Norstar' background to sustain such a high initial rate of acclimation was dependent on the length of the vegetative stage. A longer vegetative stage, involving the production of an extra 2Á3 leaves ( Fig. 1) , combined with a faster rate of acclimation to ensure that spring 'Norstar' had much lower values of LT 50 than 'Manitou' under all three acclimation regimes (Fig. 2) . A clear example of the importance of a positive ratedetermining genetic background was demonstrated when the LT 50 values of winter 'Manitou' and spring 'Norstar' plants, following acclimation at 2, 6 and 10 C, were compared. An extended vegetative period allowed winter 'Manitou' to acclimate to a lower LT 50 than spring 'Norstar' (À9Á8 vs. À7Á8 C; a in Table 3 ) at 10 C (Fig. 2) . In comparison, a more rapid rate of acclimation during the first 2 weeks at 6 C allowed spring 'Norstar' to reduce (À11Á6 vs. À10Á7 C, a in Table 3 ) the cold hardiness advantage showed by winter 'Manitou' at 10 C (Fig. 2 ). The inverse relationship between acclimation rate and temperature (Fowler et al., 1999) and a major delay in commitment to the vegetative/reproductive transition of spring 'Norstar' meant that the more rapid rate of acclimation associated with the 'Norstar' genetic background allowed spring 'Norstar' to acclimate to even lower temperatures than winter 'Manitou' (À14Á0 vs. À11Á6 C, a in Table 3 ) when grown at 2 C (Fig. 2) . In winter-growth-habit genotypes, a vernalization requirement delays the vegetative/reproductive transition and allows LT-tolerance genes to maintain a high level of expression for a longer period of time at acclimation temperatures (Fowler et al., 1996a) . Low acclimation temperatures can also delay the vegetative/reproductive transition (Table 2 ) and allow the spring-habit genotypes to maintain a high level of LT-tolerance gene expression for longer time. The increased expression of LT tolerance associated with the delayed transition from the vegetative to the reproductive stage was especially noticeable for spring 'Norstar' when the acclimating temperature was reduced to 2 C in the present study ( Fig. 2 and Table 3 ) supporting the hypothesis (Fowler et al., 1996a) that any factor that delays the transition from the vegetative to the reproductive stage increases the duration of expression of LT-tolerance genes in cereals exposed to acclimating temperatures.
Duration by rate of acclimation interactions
Exposure of plants to low temperatures produces many measurable changes in morphological, biochemical and physiological characters that are commonly highly correlated with plant freezing tolerance (Levitt, 1980) . These complex responses have made it difficult to separate cause and effect adjustments to low temperatures. The duration of LT-tolerance gene expression has been shown to be determined by the rate of phenological development and the time to the vegetative reproductive transition, which, in turn, is a function of vernalization requirement, photoperiod requirement, leaf number, length of phyllochron (Limin and Fowler, 2002) and low temperatures that delay reproductive transition in spring-habit genotypes (Fig. 2 and Table 3 ). It has also been shown that the mechanism regulating the level of expression of LT-induced genes is associated with a gene(s) integrated into the developmental pathway and the rate of acclimation is determined by acclimation temperature and LT-tolerance genetic potential (Fowler et al., 1999;  Fig. 2 ).
As indicated above, time sequence studies have shown that the transition from the vegetative to the reproductive phase is the critical switch that initiates the repression of LT-tolerance genes (Fowler et al., 2001; Danyluk et al., 2003) . Consequently, full expression of LT tolerance occurs only in the vegetative phase whereas plants in the reproductive phase have a limited ability to acclimate to LT. This interaction makes LT-tolerance-related characters or genes appear to be associated with genes that determine flowering time, explaining the pleiotropic effect (growth habit and LT tolerance) attributed to genes like vrn-A1 (Brule-Babel and . Substitution of the Vrn-A1 region from 'Manitou' with the vrn-A1 region from 'Norstar' converted the spring-habit cultivar, 'Manitou', into a winter type (winter 'Manitou'). This manipulation allowed the isolation of the duration effects of the Vrn-A1 region (Fig. 1) without changing the genes that determine the rate of LT acclimation. Conversely, substitution of the vrn-A1 region of 'Norstar' with the Vrn-A1 region from 'Manitou' converted the winter-habit cultivar, 'Norstar', into a spring-type (spring 'Norstar'), which reduced the length of time to the vegetative reproductive transition of 'Norstar' (Fig. 1) without altering the genes that determine its rate of acclimation. Based on the results of this study, it can be concluded that the LT-tolerance rate-determining gene(s) can be separated from the Vrn-A1 region, but their location remains to be determined.
An LT-tolerance gene (designated Fr1 by Sutka and Snape, 1989 ) that is tightly linked to Vrn-A1 of chromosome 5A has been reported (Galiba et al., 1995) . Related research has revealed a homoeologous series of frost-resistance genes that are closely linked to the Vrn genes on the group 5 chromosomes in hexaploid wheat (Toth et al., 2003) , T. monococcum (Vagujfalvi et al., 2003) and barley (Hayes et al., 1993) . However, most of the mapping studies have utilized spring/winter comparisons that include the confounding effects of duration of LT gene expression due to differences at the Vrn region; and winter/winter comparisons have accounted for only about 0Á5 C of the differences in LT tolerance (Storlie et al., 1998) . The fact that phenotypic studies suggest that genes on as many as 15 out of 21 chromosomes have a largely quantitative effect on LT tolerance in wheat (Stushnoff et al., 1984; Sutka, 1994) , whereas the major vrn and Fr genes are restricted to the group 5 chromosomes, also requires further explanation.
The results of this study support the hypothesis (Fowler et al., 1999) that developmental genes are responsible for the duration of expression of LT-tolerance genes, whereas the rate of acquisition of LT tolerance is determined by genotypic differences in acclimation potential. They also demonstrate that the genetic factors responsible for phenological development and rate of acclimation interact with environmental variables to determine LT-tolerance gene expression and plant LT tolerance, with the result that the full expression of LT-induced genetic systems can be observed only under genotypically dependent optimum combinations of time and temperature. The complex interactions among genotype, acclimation period and acclimation temperature revealed in the statistical analyses of the data in this study, combined with the inability to recover completely what is supposedly a single growthhabit gene in a backcross programme, suggests that additional detailed studies will be required to isolate the components of this highly integrated, environmentally responsive genetic system.
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